INTRODUCTION
Acidic atmospheric depositions have been responsible for freshwater acidification in North America and in some European countries during the last 3 decades (Probst et al. 1992 , Guérold et al. 1997 . The consequences of this progressive acidification include the decrease and/or loss of vertebrate and invertebrate populations (Hesthagen et al. 1999 , Guérold et al. 2000 . Despite recent reductions of sulphur and nitrogen emissions, acidification of freshwater remains a serious environmental problem. In France, and particularly in the Vosges Mountains, numerous streams remain acidic and are characterized by very low alkalinities with low Ca and elevated Al concentrations.
The main impacts of acidic water on fish involve disturbance of ion regulation and gas exchange, processes partly performed by the gill (Verbost et al. 1995 , Perry 1997 , Claiborne 1998 . The branchial epithelium is composed of several cell types, including pavement cells, chloride cells and mucous cells (MC) (Laurent 1984 , Olson 1996 .
The skin is a physiologically active border tissue which consists of several cell types, including MC. Like the gills, the skin is in immediate contact with the environment and shows a direct response to different environmental stressors (Zuchelkowski et al. 1986 , Iger et al. 1994b ).
Exposure to acidic water and associated stressors induces a variety of rapid cellular modifications in gill and skin epithelia (Karlsson-Norrgren et al. 1986 , Goossenaerts et al. 1988 . Among these, both changes in chemical composition of the mucus and stimulated mucus production have been noted (Iger et al. 1994b , Berntssen et al. 1997 ) and in a nonacidic (pH 6.7 to 7.0; Al 27 to 67 µg l -1 ) stream in the Vosges Mountains (NE France) to assess the sublethal effects of acidic water on the mucous cell response. The caged fish were randomly collected after 2, 4, 7 and 11 d and the wild fish were obtained by electrofishing. After 2 d, a reduction of both mucous cell (MC) number and size was observed in the gills of fish held in the acidic stream, suggesting a massive mucus discharge. Hyperplasia and hypertrophy of cells immediately followed this mucus secretion. In the same fish population, skin examination showed a slight and delayed decrease of MC number but a significant increase of cell size. The number of mucous cells of gills and skin was similar in both wild trout populations, whereas a significant MC hypertrophy was observed in the wild fish of the acidic stream. The present field experiment indicates that caged fish could be useful as early indicators of acidification. In addition, the examination of wild populations suggested the occurrence of adaptive mechanisms, information that might be of importance in the context of river recovery programs.
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The objective of this study was to assess and compare, under natural conditions, the structural responses of MC in gill and skin epithelia, both in transferred and wild fishes exposed to acidic water. The transfer experiment was carried out over an 11 d period in 2 streams showing different degrees of acidity. The adult wild brown trout which occurred in the acidic stream were the result of annual restocking with juvenile stages. This histological investigation was part of a comprehensive project examining the effects of water acidification on fish physiology and morphological responses.
MATERIALS AND METHODS
Study area and water chemistry. The studies were performed in the Vosges Mountains (NE France) in 1998 and 1999. Based on previous extensive surveys (Guérold et al. 1997) , an acidic (Rouge Rupt) and a nonacidic stream (Tihay), both located upstream of anthropogenic activities, were chosen for use in the study.
Water samples for physico-chemical analysis were collected in polyethylene bottles at each site and for each exposure time. Samples were analyzed for acidic neutralizing capacity (ANC) using the Gran titration method and for Cl -by ion chromatography (Dionex apparatus). Major cations (Ca ) and total Al were measured by atomic absorption spectrophotometry after acidification with HNO 3 . Temperature and pH were measured in situ and in the laboratory using a specific glass electrode for low ionic solutions. Conductivity was measured at 25°C. The mean values of some physico-chemical parameters of the 2 streams are compiled in Table 1 .
Fish and experimental protocol. Adult brown trout Salmo trutta fario (length 250 to 330 mm) were obtained from a fish hatchery and were transferred in June 1999 to Tihay and Rouge Rupt. During the experiment, fish were placed underwater in perforated 35 l plastic cages. On the day of transfer, 5 fish were not placed into the streams, but transported to the laboratory and immediately dissected in order to assess the initial levels of tested parameters. After 2, 4, 7 and 11 d, trout (n = 5 to 7) were randomly removed from each different cage in the streams, ensuring that the numbers of fish in each cage remained about the same. Fish were transported to the laboratory under refrigeration within 15 min of collection.
Local brown trout populations (length 135 to 260 mm) were caught by electrofishing in these 2 streams in July 1998, killed by a blow to the head, and dissected.
Histology and morphometry. The second gill arch from the left side of each fish was excised and then sectioned longitudinally, parallel to the filaments and perpendicular to the lamellae. Slides were stained with Alcian blue at pH 2.5 to highlight acidic mucosubstances in mucocyte vacuoles.
Gill MC number and size were determined with a light microscope at 250× for each individual by examining the following: 3 regions of the filament (base, middle and apex), 4 filaments per section, 3 sections separated by at least 4 interval sections. Each region examined consisted of 10 adjoining lamellae and their associated interlamellar spaces on each side of the filament. This represented a total of 36 measurements per individual. Since no significant differences were observed between the 3 regions, only the total numbers of MC are presented. Microscopic images were captured with an image analysis system (Analysis pro 3.0, Olympus) using a color tri charged coupled device (CCD) video camera. The size of MC and the surface area of tissue in each field was automatically evaluated, and MC numbers were expressed per mm 2 of gill tissue.
A small piece of skin tissue was dissected from the ventral side, near the head (between the pectoral fins), and treated and stained in the same way as gill tissues. Microscopic images of skin at 400× were captured with the same image analysis system, and the number and size of the mucocytes were recorded. The surface of skin tissue was assessed in each field and the number of cells expressed per mm 2 of tissue. Epidermis measurements were determined in 4 fields (ranging from 17 000 to 24 500 µm 2 ) per section, using 5 sections separated at least by 4 interval sections, and thus totaled 20 measurements per individual.
Statistical analysis. Comparisons between the different experimental groups of transferred fish were made using 2-way analysis of variance (ANOVA) to check the effect of exposure to acidified water (i.e. exposure time and acidification degree) on mucus production. The differences between means were significant at the p < 0.05 level using a Duncan's multiple range comparison test performed with Statistica software (StatSoft). Differences between the local fish populations were assessed by ANOVA.
RESULTS

MC of transferred fish
The results of an initial transfer study carried out in 1998 using a shorter exposure period were confirmed in the present work. Exposure time (p < 0.001) and the interaction of tested parameters (p < 0.002) had a statistically significant effect on gill MC number. On the day of fish transfer, 53 ± 10 cells mm 2 (Fig. 1A ) were recorded in the gill. Over the exposure period, the number of MC did not show any significant variation in fish transferred to non-acidic water compared to the initial level. The number of MC increased after 4 d, stayed high, and then declined by the end of the exposure period to the level observed on Day 2. Following the direct transfer into the acidic stream, the number of mucocytes greatly decreased in the gill, suggesting stimulated mucus secretion. Numerical density of mucocytes also tended to be lower (p < 0.09) than that observed in the non-acidic stream. The hyperplasia of MC recorded after 7 d following transfer into acidic water was followed by a reduction in cell number.
The tested parameters and their interactions were significant determinants of gill MC size. Following direct transfer to non-acidic water, MC size increased and remained constant throughout the experimental period (Fig. 1B) . In contrast, MC size decreased in the gills of fish held in the acidic stream, but later was progressively restored. 
Only the exposure time significantly affected MC number in the skin (p < 0.001), and the dependent variables and their interaction had a significant effect on cell size. After 4 d of exposure, the number of skin mucocytes decreased in the 2 experimental groups, and cell numbers stayed constant over the exposure period (Fig. 2A) . MC size increased progressively in the skin of fish exposed to non-acidic water, and the difference became significant after 7 d (Fig. 2B) . A significant skin mucocyte hypertrophy was observed following the direct transfer into acidic water, and MC cell size returned to a basal level at the end of the 11 d experiment.
MC of local fish
In both epithelia, the number of cells was similar in the 2 wild fish populations (Figs. 3A & 4A ), but their sizes were larger in the fish from the acidic stream (Figs. 3B & 4B) .
DISCUSSION
The present investigation combines field experiments with transferred and wild fish populations. Moreover, it shows the concomitant responses, concerning mucus production, of 2 barrier epithelia in trout exposed to acidic water. The observed morphological changes may represent adaptive responses of the gill and skin to the acidic aquatic environment and its associated stressors, such as Ca depletion and high Al concentrations.
Transferred fish
The secretion of mucus by trout gill was stimulated by acidic water at the beginning of the transfer. In our study, this phenomena was reflected by a significant decline in the number and size of mucocytes. In addition, scanning electron microscopy revealed a thick layer of mucus occurring on the gill epithelium. Gill mucus hypersecretion corresponds to a non-specific response, and has been previously reported for fish under acidic conditions (Karlsson-Norrgren et al. 1986 , McCahon et al. 1987 , Jagoe & Haines 1997 , as well as for fish exposed to pollutants of a different nature (Mallatt 1985) . In the mid-part of the exposure period, we observed cell hyperplasia associated with hypertrophy, which may have represented enhanced mucus production, again followed by MC depletion. These 
results may indicate that the secretory potential of MC was apparently more exploited under acidic conditions, as observed by Iger & Wendelaar Bonga (1994) . Moreover, the variations in numerical density observed in acidic water may correspond to the turnover of mucocytes.
In the skin, numerical responses of MC were similar in the 2 streams. However, following direct transfer into the acidic stream, the observed cell hypertrophy may have been interrelated with a slightly enhanced mucification of the skin. The latter mucification has also been reported by others (Iger et al. 1994a , Witters et al. 1996 , and may be involved in a protective function against the environmental acidic conditions. In the transferred fish, the discharge of mucus was earlier and higher on the gill epithelium, indicating that the gill was more sensitive than the skin to acidic water.
Local fish population
The wild trout of the acidic stream are the result of repeated annual restocking with embryonic/juvenile stages, and it is, thus, important to assess their health status. The presence of adults in the wild population suggested that genetic selection and/or development of acclimation and adaptive mechanisms to acidic conditions (Allin & Wilson 2000) may have occurred. The responses of MC observed in wild trout (i.e. hypertrophy of gill and skin MC) could be involved in an acidic water adaptation of the fish.
The results of this histological study show that changes in mucocyte morphology may constitute a practical biomonitoring tool (Teh et al. 1997 ) to assess disturbances of aquatic ecosystems, such as water acidification. The present field experiment has suggested that fish transfer may lead to an early assessment of environmental contamination. In addition, the trials using wild populations have suggested the occurrence of adaptive mechanisms, information that might be of importance to river recovery programs. 
